Abstract. Strain analysis is one of the methods for the kinematic analysis of the repeated geodetic measurements. In order to derive strain accumulation in Marmara Region, different institutions carried out several Global Positioning System (GPS) campaigns in 1999 and 2006. The GPS campaigns were performed on the geodetic network which cover the provinces: Kirklareli, Tekirdag, Bursa, Bilecik and Adapazari. Then, the displacements of the network stations were estimated by means of analysing the GPS space geodetic measurements. For the assessment of the datum differences between 1999 and 2006 on the station coordinates, 3-D Helmert transformation was applied to the coordinates of each 1999 and 2006 datum. Then, a global test was introduced to determine the significant deformation which occurred in the geodetic GPS network. Strain accumulation with a finite element model was then computed. First, triangles were constructed for the whole network with the Delaunay method. Hereafter, strain parameters were calculated for each triangle. Maximum values of strain accumulation were found around the surroundings of Marmara Ereglisi and Izmit, whereas minimum values are around Istanbul.
Introduction
After the Izmit and Duzce earthquakes (1999), renovations of Turkish National Fundamental GPS Network (TNFGN) and Turkish National Vertical Control Network (TNVCN) were done (TNFGN Report, 2001 (MRC) in Kirklareli, Tekirdag, Bursa, Bilecik and Adapazari. Istanbul GPS Triangulation Network (IGTN) and Marmara Earthquake Region Land Information System (MERLIS) were formed covering this region (IGTN Report, 1999; MERLIS Report, 2006) . To conclude, GPS campaigns were performed and analysed at different times by different institutions.
A test network was formed from a subset of the network stations of Turkish Continuously Operating Reference Stations (CORS-TR). Several GPS campaigns were performed on this network and analysed between 15 July and 30 October 2006 by three different companies namely TOPCON, TRIMBLE, and LEICA in order to test the performance of the GPS receivers (CORS-TR, 2006) . Each company performed the measurements and evaluations using their own equipments.
This study aimed to compare the coordinate differences between the adjusted coordinates obtained from GPS observations in 1999 (converted to 2000.45 epochs) and the average of the adjusted coordinates obtained from the GPS observations by the aforementioned three companies in 2006 (converted to 2006.60 epochs) and to compute strain accumulation of the corresponding area by finite element model. (Altamimi et al., 2007) . The differences of transformation parameters of IERS, ITRF solutions are significant but too small in levels of magnitude, i.e. origin differences are in sub-centimetre level, rotation differences are in sub milli-arc-second level (mas) and scale differences are in part-per-billion level. The displacement vectors of the test network CORS-TR were calculated from the differences between the coordinates of ITRF96 datum (TNFGN datum) 
Test network and observations

Investigation of datum
To examine the effect of two datums with different epochs on the displacement vectors, 3-D Helmert transformation parameters were estimated between the coordinates of ITRF96 at epoch 2000.45 and in ITRF2000 at epoch 2006.60. IGS stations of TNFGN were in ITRF96 datum (Table 2) , whereas IGS stations of CORS-TR were in ITRF2000 datum (Table 3). To analyse the datum of two epochs, the 3-D Helmert transformation was applied to coordinates of ITRF96 and ITRF2000 of IGS stations which made up the datum of two epochs. The results of the Helmert transformation are the datum parameters between the two terrestrial reference frame (TRF) solutions of the test network of CORS-TR. Thus, computed transformation parameters (three translations, three rotations and a scale factor) between ITRF96 at epoch 2000.45 and ITRF2000 at epoch 2006.60 were compared with each other. Transformation parameters of each epoch were given in Table 4 .
Transformation parameters of TNFGN datum (Table 4) indicates that the coordinates of ITRF96 at epoch 1997 of IGS stations which made up datum of TNFGN were consistent with the coordinates of ITRF2000 at epoch 1997. However, there was a significant translation between ITRF96 at epoch 1997 and ITRF2000 at epoch 1997 of IGS stations which made up datum of CORS-TR. It could be said that translations had an influence on the displacement vectors.
Two epochs had different number and distribution of datum points, so there were significant datum parameters between datum of TNFGN and CORS-TR. These differences occurred as a component of the deformation vector. In this study, to analyse significant deformation between two epochs and strain parameters in 3-D, a global test was applied to the network. Free network adjustment was introduced for each campaign. For the global test, the differences of 3-D coordinates of two epochs were used. These differences (Fig. 1) were taken as the vector of deformations (Brunner, 1979) . The general equation of the vector of deformations can be written as;
where B is the matrix of coefficients for one common station, u is the vector of unknown parameters (translations t, extensions ε, shearing strain γ and rotations ω). 
where d is the coordinate differences.
Root mean square error of the a posteriori unit weight is calculated by
where v is the coordinate residual vector, n is the number of coordinates included in the global test, u donates to the number of unknowns. Below the parameter vector u is shown with their corresponding precisions. The results revealed that there were significant translations (t x , t y , t z ), strain accumulation (ε 22 ) in the network. There was also a significant rotation around x(ω 11 ) and a shearing strain (γ 13 ). Values of strain accumulation (ε 11 ), rotation around z-axis (ω 33 ) and shearing strain (γ 12 ) were close to being statistically significant. These results show that there are deformations in the directions of x, y and z axis.
Determination of strain accumulation by finite element model
As seen in Sect. 4.1, there were significant translations and rotations in the network. Therefore, the selection of an independent way of determining strain accumulation from datum parameters should be done. The ratio of baselines is independent from datum. Consequently, a model of calculating strain parameters with ratio of baselines, which is called finite element model, was used in this study. Least square adjustment is applied to observations at two epochs separately. Linear extension of a baseline in a network become
where S is the baseline at epoch (t 1 ), S is the baseline length at epoch (t 2 ), t is the time interval (t 2 − t 1 ) between two epochs. If the time interval between two epochs, t is known, strain rate ε can be derived. However, if t is not taken into account, ε will become strain accumulation. Linear extension of the baseline which has t azimuth is, ε = e xx cos 2 t + e xy sin2t + e yy sin 2 t .
where e xx , e xy and e yy are the strain tensor parameters. In order to calculate parameters of strain tensor, the general equation written above is used. The network has to be constructed of triangles. Then strain tensor has to be calculated for each triangle in the network. Three general equations are created for each baseline of a triangle. In this study, triangles for the network were constructed by using the Delaunay triangulation method. In the case of the intersection of the fault and baseline of a triangle, linear extension of the baseline was the sum of the translation component and strain component. Error strain could be obtained from the results in this situation. Therefore, triangles were simplified and designed not to intersect with the fault (Fig. 2) . Thus, e xx , e xy , e yy for each triangle are found for time interval between 2000.45 and 2006.60 epochs. These parameters of strain tensor are the strain parameters of the point of equilibration of each triangle (Salmon, 1931; Denli, 1998) . Subsequently, strain parameters shown below could be calculated from the parameters of strain tensor (Salmon, 1931; Deniz, 1997) .
where is dilatancy, γ 1 is principal shear strain, γ 2 is engineering shear strain and γ is total shear strain. Principal strain parameters are calculated by the following equations. 
where E 1 is maximum principal strain, E 2 is minimum principal strain and β is direction of maximum principal strain arc. Equations of maximum shear strain E SHEAR and maximum normal strain E INTER are given below.
The process for computing precisions of calculated strain parameters by finite element model is
where C xx denotes the covariance matrix of the adjusted coordinates of TNFGN, IGTN and MERLIS networks. Mathematical relation between the cofactor matrix is Q S S = 4Q xx , it becomes;
(1.5 cm) 2 0 0 (1.5 cm) 2 , and root mean square error of the differences of baselines between two epochs are derived as;
If the average baseline of test network is taken as 25 km, expected error ratios of strain parameters is
Principal strain parameters were calculated for the network by a finite element model using a programme coded in FOR-TRAN language (Deniz, 2007) . The differences between the coordinates of 2000.45 and 2006.60 epochs were used for the calculations. Principal strain parameters of each triangle were given in Fig. 3 and Table 5 . Equilibration points, which have close strain parameter values, were gathered into groups in order to simplify the interpretations of the result. Principal strain parameters of each group were shown in Fig. 4 .
Results and discussion
Displacement vectors (Fig. 1) indicates that there were significant displacements within 6.5 cm and 22.8 cm between the 2000.45 and 2006.60 epochs.
The results of Helmert transformation (Table 4) revealed that there was a significant translation in the datum of CORS-TR.
Choosing the model of calculating strain parameters should be done with respect to the state of the datum of networks. Strain parameters should be calculated from geodetic data which were independent from datum parameters. Finite element model that relied on the deformations of network baselines, which is the most suitable model for the calculation of strain parameters, was used in this study.
Firstly, for this method triangles were formed with Delaunay triangulation method. Triangles which are intersected with the fault were redesigned in order to minimize the errors. Then, strain parameter of equilibration of each triangle was calculated. Majority of strain parameters of the network obtained from the three dimensional differences were significant. The results of the global test indicated that there was a significant deformation in the network.
Baseline ratios, which were computed for baselines of triangles, were compared with mε = ±1.7 cm which was calculated in Sect. 4.2. The majority of ratios were larger than 2 ppm. Therefore, this indicates that calculated strain parameters were significant.
Strain parameters in Table 5 shows that maximum values of strain accumulation were around Marmara Ereglisi and Izmit, while minimum values were around Istanbul.
Although the covered regions by this study and Ozener et al. (2009) do not fully match, they have four stations (AKCO, IGAZ, KUTE and SELP) in common. As well as the directions and signs (compression or extension) of strain parameters of this study are consistent with the results of the study of Ozener et al. (Fig. 5) , the scalar values of strain parameters are computed as smaller. This result has been expected since deformation pattern naturally changes over time and besides GPS data span and locations of station points differ from each other in both studies.
